SYNOPSIS. The exoskeleton of crustaceans and insects is formed by cells of the hypodermis, but several hemolymph proteins contribute to the synthesis of the new exoskeleton. These hemolymph proteins share a surprising degree of sequence similarity and are members of the hemocyanin gene family. Copper-containing prophenoloxidases of crustaceans and insects are directly involved in cross-linking and hardening of the exoskeleton during molting and repair. Crustacean cryptocyanin and insect hexamerins lack copper and have probably evolved from a copper-free product of an early hemocyanin gene duplication. These proteins have been implicated in transport of hormones and phenols, and may be used directly as structural components of the new exoskeleton. They are synthesized elsewhere in the body, transported in the hemolymph, and probably taken up by the hypodermis via specific receptors. Hemocyanins have some residual phenoloxidase activity, in addition to their primary role of supplying oxygen to the metabolizing tissues. Thus multiple members of the hemocyanin gene family play vital roles during molting, and a molecular phytogeny of these proteins will contribute to our understanding of the evolution of form and function of these molecules from oxygen transport to molt-related activities. Further studies on the expression of prophenoloxidase, cryptocyanin, hexamerins and hemocyanin, potential marker proteins, may extend our understanding of the relationship between other molting animals in the proposed clade, Ecdysozoa.
INTRODUCTION
Synthesis and hardening of a new exoskeleton are essential parts of arthropod growth and molting. In both crustaceans and insects, the hardening of the newly formed exoskeleton or cuticle is referred to as sclerotization. Several essential components are involved. First is a supply of "tannable" or cuticular proteins that are secreted during premolt by the hypodermal cells into the subcuticular space external to the hypodermis (for review, see J. Willis, 1999) . Second are the sclerotizing compounds, phenols or catechols, that are also transferred from the hypodermis into the newly formed cuticle. The phenols become enzymatically oxidized to highly reactive intermediates that interact with the cuticular proteins and chitin to harden and cross-link 1 From the Symposium The Compleat Crustacean Biologist: A Symposium Recognizing the Achievements of Dorothy M. Skinner presented at the Annual Meeting of the Society for Integrative and Comparative Biology, 3-7 January 1998, at Boston, Massachusetts.
2 E-mail: nterwill@oimb.uoregon.edu them. Pryor (1940) initially recognized that oxidized products of o-diphenols are the sclerotizing compounds responsible for the hardening of insect ootheca and cuticle. A third requirement for sclerotization is an oxidase system to activate the phenols. Phenoloxidases usually occur in an inactive form as prophenoloxidases and must themselves be activated (Soderhall and Cerenius, 1998) . Fourth, several hemolymph proteins, crustacean cryptocyanin and insect hexamerins, are thought to transport hormones, phenols and/or some cuticular proteins to the hypodermis. The hemolymph protein itself may become directly incorporated into the new exoskeleton (Telfer and Kunkel, 1991; Haunerland, 1996; Terwilliger et al, 1998) . In recent years, there has been a burst of new information on the role that crustacean and insect hemolymph proteins play in the process of exoskeleton formation. In this paper, I will describe how phenoloxidases and these hemolymph proteins participate during molting of crustaceans, insects and perhaps all of the members of the newly proposed clade of molting ani- mals, the Ecdysozoa (Aguinaldo et al, 1997) . I will also discuss how prophenoloxidase, cryptocyanin and hexamerins are related to one another and to hemocyanin, the copper-containing oxygen transport protein of crustaceans, chelicerates and myriapods.
PHENOLOXIDASES
Phenoloxidases (PO; monophenol, Ldopa:oxygen oxidoreductase; EC 1.14.18.1), also known as polyphenol oxidases and tyrosinases, are copper-containing proteins. The enzyme catalyzes the oxygenation of a monophenol to an o-diphenol and the oxidation of an o-diphenol to the corresponding o-quinone. (Fig. 1) . Phenoloxidases are widespread in the animal kingdom, as well as in plants, fungi and prokaryotes (van Gelder et al, 1997) . In arthropods, they function in several ways (Ashida and Yamazaki, 1990; Gillespie et al, 1997; Soderhall and Cerenius, 1998) . They play a key role in sclerotization of the newly formed exoskeleton or cuticle; the highly reactive o-quinones cross-link with histidyl residues of cuticular proteins and chitin, resulting in hardening of the exoskeleton (Xu et al, 1997) . Phenoloxidases are also involved in the initial steps of melanin synthesis, catalyzing the oxidation of phenols to quinones, which then polymerize non-enzymatically to form melanin. During molting, these functions involve the entire ectodermal surface of the arthropod and must be closely integrated with the timing of ecdysis to insure that the organism manages to get out of its old exoskeleton before the new one hardens. Phenoloxidases participate in wound healing and repair of a damaged exoskeleton, and they are part of the defense against foreign invasions. The latter functions are emergency responses that are localized and do not involve the entire exoskeleton. It is important that initiation of any of these processes be tightly regulated. The arthropod phenoloxidase molecule circulates in the hemolymph within hemocytes or is present in tissue in an inactive form, a prophenoloxidase. A complicated series of steps, referred to as the prophenoloxidase cascade, is required to convert a prophenoloxidase into an active phenoloxidase (Ashida and Yamazaki, 1990; Sugumaran and Kanost, 1993) . One way in which the cascade can be triggered is by minute amounts of bacterial cell wall components, including lipopolysaccharides, peptidoglycans and 1,3-fi-glucans. In the crayfish Pacifastacus leniusculus, these components activate a prophenoloxidase activating enzyme, a serine protease, which cleaves the prophenoloxidase into its active form (Aspan and Soderhall, 1991; Aspan et al, 1995) . Two or more forms of phenoloxidase have been described in some insects. It is possible that one is deposited in the cuticle and participates in hardening of the new cuticle at molting while the other is in circulating hemocytes and functions in wound repair, but this is not yet clear. Evidence for synthesis of a single prophenoloxidase in hemocytes that is transported in the hemolymph and deposited in the cuticle has been demonstrated in Bombyx mori, the silkworm (Ashida and Brey, 1995) .
Similarities between phenoloxidases and hemocyanins, the respiratory proteins of many arthropods and molluscs, have been noted for some time. Howard Mason (1965) pointed out that hemocyanin carries atmospheric oxygen, while tyrosinase (phenoloxidase) incorporates atmospheric oxygen into substrates. The different functional states, oxy, deoxy and met, are similar spectroscopically between tyrosinase and hemocyanin, and both types of proteins, especially the non-arthropod ones, have been described as having similar binuclear copper sites (Jolley et aL, 1972; Mason, 1976; Himmelwright et aL, 1980) . As recently as 1990, Ashida and Yamazaki reminded investigators about the common features shared by hemocyanins and phenoloxidases, but stated that "whether there is any common ancestral origin between these proteins remains unknown."
When four cDNA sequences of arthropod prophenoloxidases, one from a crustacean (Aspan et aL, 1995) and three from insects (Hall et aL, 1995; Fujumoto et aL, 1995; Kawabata et aL, 1995) , were published in 1995, the investigators noted the strong sequence similarities between arthropod prophenoloxidase and arthropod hemocyanin, especially the amino acid residues at the copper binding sites. Most importantly, the three highly conserved histidine copper-binding ligands in each copper site of hemocyanin, CuA and CuB, are conserved in the phenoloxidases too. The subunit sizes of arthropod hemocyanins and prophenoloxidases are both about 80 kDa, reaffirming the structural relatedness of the proteins, although the proteins differ in their assembly into oligomers (Table 1 ). Arthropod hemocyanins self-assemble into 450 kDa hexamers and higher multiples, depending on the species (Van Holde and Miller, 1995 for review), while prophenoloxidases have been reported to have molecular masses ranging from 126 to 300 kDa and have been tentatively described as monomers, dimers, trimers or larger, depending on the ionic strength (Jiang et aL, 1997) . The spectral and structural data suggest that arthropod hemocyanin and arthro- (Burmester and Scheller, 1996; Durstewitz and Terwilliger, 1997; and see below) .
Hemocyanin itself has some phenoloxidase activity. Bhagvat and Richter reported in 1938 that hemocyanins from arthropods and molluscs can act as pseudophenolases. Molluscan hemocyanins from Octopus vulgaris (Salvato et al, 1983) and Sepioteuthis lessoniana (Nakahara et al, 1983) were shown to have moderate activity compared to mushroom (Agaricus bisporum) tyrosinase. Arthropod hemocyanins do not exhibit phenoloxidase activity under normal circumstances. When crustacean hemocyanin molecules are partly unfolded by denaturing salts, however, both Homarus americanus and Carcinus maenas hemocyanins catalyze the reaction with low efficiency (Zlateva et al., 1996) . The function of hemocyanin from the chelicerate Eurypelma californicum is transformed to a phenoloxidase after proteolytic cleavage of an N-terminal peptide including Phe-49 (Decker and Rimke, 1998) . The highly conserved Phe-49 participates in allosteric change during oxygenation (Hazes et al., 1993; Magnus et al., 1994) and has been proposed as a placeholder for phenolic substrates when hemocyanin is functioning as an oxygen transport molecule (Decker and Rirnke, 1998) . Both salts and proteolysis seem to result in an increased accessibility of substrates to the active site. Curiously, only two of the eight subunits of Eurypelma hemocyanin show this phenoloxidase activity (Decker and Rimke, 1998) , although all have the copper binding sites. Why only these two subunits respond is not known.
While the arthropod phenoloxidases and arthropod hemocyanins share similarities in CuA and CuB binding sites, they differ from the pattern seen among non-arthropod phenoloxidases and molluscan hemocyanins. Molluscan hemocyanins are very different proteins in many regards from arthropod hemocyanins, including molecular size and shape, subunit size and sequence. Sequence similarities between plant, fungal and vertebrate tyrosinases and molluscan hemocyanins are about 30%, approximately the same as between chelicerate and crustacean hemocyanins (Drexel et al., 1987; Lerch and German, 1988; Preaux et al., 1988) . Comparisons of the copper binding sites of these non-arthropod proteins (Drexel et al., 1987; Beintema et al, 1994; Kawabata et al, 1995; Durstewitz and Terwilliger, 1997) indicate that they share a CuA site, but it differs from the amino acid sequence of the arthropod CuA site. The CuB sites, however, are conserved among all arthropod hemocyanins, molluscan hemocyanins, and phenoloxidases. These comparisons suggest there was a common ancestral copper protein with a CuB type site that gave rise to today's proteins through a series of gene duplications and fusion events (van Holde et al, 1992; Durstewitz and Terwilliger, 1997) . INSECT HEXAMERINS Insects are mostly air breathers. Even aquatic insects use air-filled tracheal systems, except for a few larval stages of aquatic species such as the dipteran Chironomus that contain hemoglobin in "blood gills" (Comstock, 1933) . There are no known examples of insects with a functional hemocyanin that reversibly binds oxygen. There are many examples of insects with other hemolymph proteins, though, that resemble hemocyanin in structure (Table I). They circulate as oligomers of approximately 450 kDa, about the same molecular mass as 16S hexameric hemocyanin, and their subunits have a mass similar to subunits of hemocyanin and prophenoloxidase, about 75-80 kDa. They do not contain copper, however. Based on their hexameric sizes and similarities in amino acid composition, Telfer and Kunkle (1991) suggested referring to them collectively as "hexamerins," and remarked on their possible relatedness to hemocyanins. Beintema et al. (1994) proposed that insect hexamerins evolved from a common hemocyanin precursor. Complete amino acid sequences of at least 31 hexamerins are now available, and multiple sequence alignments show that hexamerin and hemocyanin structures are well conserved, although hexamerins lack most of the conserved histidines in the CuA and CuB sites (Willot et al, 1989; Beintema et al, 1994; Jamroz et al, 1996; Bur- mester Terwilliger et al., 1998) . Insect hexamerins have radiated into diverse groups, classified on the basis of amino acid content, responsiveness to hormones, or other parameters (Telfer and Kunkle, 1991; Haunerland, 1996; Burmester et al., 1998) . They include arylphorins rich in aromatic amino acids, methionine rich hexamerins, juvenile hormone suppressible proteins, riboflavin binding proteins and others. Initially these proteins were referred to as "storage proteins," but it has become clear that there are speciesand protein-specific functions for different hexamerins (Haunerland, 1996) , and developmental stage-specific hexamerins as well (cf., Korochkina et al., 1997) . The storage protein types are synthesized by the insect fat body and secreted into the hemolymph in high concentrations during larval development and sometimes in non-feeding adults (Telfer and Kunkle, 1991; Wheeler and Martinez, 1995) . Just before pupation, the hexamerins are taken up by the fat body, and in at least some cases, used to form new structures, both somatic tissues and female reproductive products (Fig. 2) .
Certain hexamerins have been directly implicated in the formation of new cuticle. Webb and Riddiford (1988) showed that in the lepidopteran Manduca sexta, labelled arylphorin is incorporated into the newly forming cuticle of 4" 1 and 5 th instar larvae ( Fig. 3) . The label was mostly covalently linked to the new cuticle, but it was not possible to determine whether the whole arylphorin molecule, peptides or amino acids were incorporated. A similar incorporation of arylphorin into cuticle of a dipteran (Calliphora vicina) larva has been reported, and the arylphorin appeared to be directly incorporated without degradation (Konig et al., 1986) . Several other studies have indicated that hexamerins are hydrolysed and the released amino acids incorporated into new proteins during adult development. Levenbook and Bauer (1984) showed that ( 14 C)-phenylalanine that had been incorporated metabolically into calliphorin is retained by the hexamer during pupation, but that it is present in many other proteins and essentially all tissues during adult development. Wu and Tischler (1995) showed that free ( I4 C) phenylalanine is incorporated into tissue proteins in exactly the same pattern as label from metabolically labeled arylphorin during adult development in Manduca. Whether hydrolysis and reincorporation into other proteins occurs with larval molts has not yet been reported.
Another dipteran, the Mediterranean fruit fly, Ceratitis capitata, produces four hemolymph hexamerins. Three of these are taken up by the fat body during metamorphosis and used in forming the cuticle of white pupas and newly emerged adults (Kaliafas et al., 1984; Chrysanthis et al., 1994) . The fourth hexamerin, of unknown function, stays in the hemolymph at least until early adult stage. Synthesis of the latter protein is stimulated by 20-hydroxyecdysone. Thus it resembles larval serum protein 2 of Drosophila melanogaster, which also persists in the adult and is stimulated by 20-hydroxyecdysone (Jowett and Postlethwaite, 1981; Benes et al., 1990) . Among other hexamerins that have been described as participating in cuticle formation are four from the honeybee, Apis mellifera (Danty et al, 1998) .
CRUSTACEAN CRYPTOCYANIN
Crustaceans also have a non-respiratory protein in their hemolymph that resembles arthropod hemocyanin but does not combine reversibly with oxygen (Busselen, 1970; Truchot, 1978; Mark et al., 1979; Terwilliger and Terwilliger, 1982; Wache et al., 1988) . We have characterized this protein in Cancer magister, the Dungeness crab, and refer to it as cryptocyanin (Terwilliger et al., 1998) . The protein has a molecular mass of about 450 kDa and a sedimentation velocity of 16S (Table 1) . The shape of the cryptocyanin molecule is indistinguishable by TEM from hemocyanin 16S hexamers (Fig. 4) , in contrast to Calliphora hexamerin, which has a triangular shape (Markl et al., 1992) . Cryptocyanin co-elutes with 16S hemocyanin on size exclusion chromatography (Fig. 5A ) but it can be separated from 16S hemocyanin by ion exchange chromatography on DEAE BioGel A (Fig. 5B) . The 75-80 kDa cryptocyanin subunits are similar in size to hemocyanin and the other arthropod hemolymph proteins, prophenoloxidase and insect hexamerins. The amino acid composition more closely resembles those of Cancer magister 25S hemocyanin and Panulirus interruptus hemocyanin chain a (Kuiper et al., 1975) than Manduca sexta arylphorin (Kramer et al., 1980) or Hyalophora cecropia methionine-rich hexamerin (Telfer and Massey, 1987) , particularly with respect to tyrosine, phenylalanine and methionine, although there are similarities among all five. Cryptocyanin is not simply a crustacean version of either of these distinctive types of insect hexamerin. Immunohistochemistry with monoclonal antibodies against C. magister cryptocyanin has localized the protein in cells of the reticular connective tissue surrounding the hepatopancreas tubules (but not in the tubules) and also in cells in the connective tissue and epithelium of the hypodermis (Terwilliger and Bremiller, 1995) .
Using reverse transcription and polymerase chain reaction amplification of hepatopancreas RNA, we have recently obtained the cDNA sequence of cryptocyanin (Terwillinger et al., 1998) . Sequence alignments with members of the hemocyanin gene family indicate that cryptocyanin shares a high degree of sequence identity with hemocyanin (46%) and moderate identity with hexamerins (27.5%) and prophenoloxidases (31%). Cryptocyanin has only two of the Size exclusion chromatography profile of hemolymph from Cancer rnagister on a BioGel A-1.5m column. Buffer, 0.1 I Tris-HCl (pH 7.5), 100 mM in NaCl, 10 mM in MgCl 2 and 10 mM in CaCl 2 . Peak 1 is 25S hemocyanin; peak 2 is 16S hemocyanin and 16S cryptocyanin. Part B. Ion exchange chromatography profile of Cancer magister hemolymph on a DEAE Bio-Gel A column. Buffer, 0.05 I Tris-HCl (pH 7.5), 5 mM in MgCl 2 , 5 mM in CaCl 2 . Salt gradient, 0-0.2 M NaCl. Peak a is cryptocyanin; peak b is 25S and 16S hemocyanin.
three highly conserved histidines in the arthropodan CuA binding site, and only one of the three histidines in the CuB binding site. Cryptocyanin has more conserved histidines in the active site than insect hexamerins, but not enough to bind copper, transport oxygen or have phenoloxidase activity. Phylogenetic analysis of the aligned sequences using parsimony showed that the arthropod hemolymph proteins sort into four monophyletic groups, cryptocyanin and crustacean hemocyanins, insect hexamerins, chelicerate hemocyanins, and prophenoloxidases (both crustacean and insect) (Terwilliger et al., 1998) . A grasshopper hemolymph protein (Sanchez et al., 1998) with a full array of conserved histidines at the copper binding sites (potential hemocyanin or phenoloxidase?) did not cluster with any of the four groups after bootstrap analysis.
Hemolymph concentration of cryptocyanin fluctuates during the molt cycle, reaching highest levels just before ecdysis (Terwilliger and O'Brien, 1992) , in a pattern like that of some larval insect hexamerins. In adult crabs that undergo an annual molt, cryptocyanin levels fall to undetectable levels in the hemolymph during intermolt. In rapidly growing juveniles with a much shorter molt cycle, hemolymph cryptocyanin decreases markedly during ecdysis but does not always totally disappear. Based on SDS PAGE and Western blots (Terwilliger and Otoshi, 1994) , preliminary studies indicate cryptocyanin is present in high levels in the hypodermis and exoskeleton of newly molted C. magister, but is noticeably reduced in the hypodermis six days post molt. Cryptocyanin, like some of the insect hexamerins, seems to be a molting protein involved in forming a new exoskeleton.
HEXAMERIN RECEPTORS
Membrane-bound receptors responsible for the selective uptake of hexamerins into the insect fat body have come under recent scrutiny (Haunerland, 1996; Burmester and Scheller, 1996) . The hexamerin receptors of Calliphora vicina, (Burmester and Scheller, 1995) , Drosophila melanogaster (Maschat et al., 1990) and Sarcophaga peregrina (Chung et al., 1995) display strong sequence similarities to their ligands, the hexamerins Scheller, 1996, 1997) . At first glance, it seems peculiar that ligand and receptor would have similar rather than complementary structures. The hexamerin receptor sequence also resembles hemocyanin, however, and the most conserved portions of the hexamerin receptor seem to be those regions that in hemocyanin, participate in intersubunit contacts.
It would be intriguing indeed if a hemocyanin subunit gene product had evolved and become incorporated into a fat body cell membrane. As Burmester and Scheller (1996) suggest, the hemocyanin-derived receptor could bind to circulating hexamerin subunits in a manner similar to the way hemocyanin subunits self assemble into hexamers. Learning how regulation of putative hemocyanin/hexamerin receptors is coordinated with synthesis of the hexamerins during development and molting will be a challenging quest.
Functional evidence for dipteran hexamerin receptors indicates that at an appropriate hormonal signal, hexamerins secreted by the fat body bind to receptors on the surface of the fat body cell and are taken into the cell via endocytosis (Fig. 6) . A similar process occurs in lepidopterans, but with an interesting difference. According to Haunerland (1996) , lepidopteran hexamerins are secreted by peripheral fat body cells and are taken up by separate, distinct perivisceral fat body cells that persist into the next stage (Fig. 6) . What do fat body hexamerin receptors have to do with molting? The tissue specific differences between site of hexamerin synthesis and fat body uptake are similar to a report by Sass et al. (1994) on cuticular protein synthesis and uptake in Calpodes. They reported that three classes of cuticular proteins are synthesized in the epidermis and may be secreted apically into the new cuticle, basally into the hemolymph or both. A fourth protein is synthesized by hemocytes in the hemolymph and transported across the epidermis into the cuticle. The patterns of cuticular and hemolymph protein synthesis and uptake provide a model for a similar mechanism of uptake of hexamerins, cryptocyanin, phenoloxidase and even hemocyanin from the hemolymph across the epidermis into the cuticle. Although the search for hexamerin receptors has focused on fat body cells to date, perhaps receptors for those hexamerins and related proteins to be utilized in cuticle/exoskeleton formation will be located in epidermis as well.
SUMMARY
The hexameric hemolymph proteins of crustaceans and insects are related to one Burmester et al., 1995 ; Lepidoptera: model for Helicoverpa zea according to Wang and Haunerland, 1994 . L3-5, L4-8, L6-8: Calliphora larvae 3-5, 4-8, 6-8 days after hatching, respectively. 5L1-5, 5L5-7, 7: 5 lh instar larvae of Helicoverpa zea, 1-5, 5-7, 7 days after the final larval molting; PI-3, P6-10: pupa 1-3, 6-10 days following the larval-pupal molting. A: arylphorin; R: receptor. (From Haunerland, 1996, Fig. 3). another on the basis of size, shape, sequence and function. It is probable that an ancestral arthropod copper protein gave rise to both hemocyanin and prophenoloxidase via a gene duplication. A separate gene duplication in arthropod hemocyanin would have permitted loss of the copper binding sites in one of the gene products and given rise to crustacean cryptocyanin and the insect hexamerins. These cryptocyanins and hexamerins have taken on new functions related to the molt cycle and exoskeleton formation. The members of the hemocyanin gene family play vital roles during molting, including transport of oxygen to the tissues to support enhanced protein synthesis, transport of proteins for inclusion in the new exoskeleton, and incorporation of ox-ygen into substrates for hardening of the new covering. Receptors may be present on hypodermal cell membranes to allow uptake of all these members of the hemocyanin gene family as they participate in the process of molting. Further molecular data to support the concept of monophyly of the recently proposed Ecdysozoa (Aguinaldo et al., 1997) may result from studies on the expression of hemocyanin, cryptocyanin, prophenoloxidase and hexamerin-like proteins in other molting animals. ACKNOWLEDGMENTS I thank Dorothy Skinner for her encouragement and interest. When I first presented information on the ontogeny of crustacean hemocyanin at an American Society of Zoologists meeting, she wondered whether juvenile hemocyanin might be a "molting hemocyanin" that recurred when the adult molted. Further studies throughout the molt cycle of individual crabs showed this is not the case. Her suggestion, however, led me to the discovery of cryptocyanin's relation to the molt cycle. I also thank the organizers of this symposium for the opportunity to participate. This research was supported by NSF grants IBN 9217530 and IBN 9605321.
